The impact of cadmium on the cellular redox state and mitochondrial membrane potential ( m ) has been studied by monitoring dichlorofluorescein (DCF), CMXRos (dichlorodihydrofluorescein diacetate, chloromethyl-X-rosamine), and Rh-123 fluorescence in 5-day-old TC7 cells, a highly differentiated clone of the human intestinal Caco-2 cell line. Flow cytometry analyses, using DCFH oxidation to DCF, clearly revealed that a 30-min incubation to 50 M cadmium (Cd) is sufficient to induce reactive oxygen species (ROS) formation; this effect was completely eliminated by the presence of 50 mM mannitol for the 30-min incubation period, but mannitol only partially scavenged ROS for the longer period of time studied. Imaging studies using fluorescence video microscopy revealed a parallel increase in (DCF) fluorescence in the nuclear and cytoplasmic regions as soon as Cd was added to the exposure medium. Flow cytometry analyses monitoring CMXRos fluorescence clearly showed that Cd also leads to m disruption, but, contrary to what was observed for ROS formation, mannitol was completely inefficient in preventing this effect. Further investigation using fluorescence microscopy and Rh-123 fluorescence unquenching revealed that although mannitol did not protect against Cd-induced dissipation of m , it considerably delayed the process. We found that Rh-123 unquenching, occurring during probe redistribution, is a suitable tool to monitor the decrease of m . We conclude that Cd rapidly induces ROS formation, mainly hydroxyl radical species OH
For many years, it has been known that cadmium (Cd), a ubiquitous heavy metal and an environmental pollutant, is highly cytotoxic. A number of studies have shown that it may induce either necrosis or apoptosis, depending on the exposure conditions and the model used (Galan et al., 2001; Ishido et al., 2002) . Many investigators have studied the ability of Cd to affect cellular function, homeostasis, as well as the cellular structural components. For many years, the redox state of the cell, as revealed by the measurement of cellular glutathione (GSH) levels, the activity of antioxidant enzymes (catalase, superoxide dismutase), or lipid peroxidation (malondialdehyde assay) have been the most widely studied parameters (for review, see Pinot et al., 2000; Stohs and Bagchi, 1995) . More recently, studies have focused on the effect of Cd on gene expression and cellular signalling, with emphasis on the mitochondrial membrane potential ( m ) (for review see Beyersmann and Hechtenberg, 1997) . Some results have demonstrated a relationship between metal-induced oxidative stress and apoptosis (Bagchi et al., 2000; Hart et al., 1999) , but very few studies have investigated the direct relationship between cellular redox state and m . It is not clear whether the early event in the Cd-induced apoptosis is reactive oxygen species (ROS) formation or mitochondrial membrane depolarization. It has been suggested that intracellular sulfhydryl group's depletion by Cd 2ϩ is the prerequisite for either ROS formation or m disruption, and there is an increasing body of evidence for Cd-induced intramitochondrial ROS formation leading to m collapse (Pourahmad and O'Brien, 2000; Yang et al., 1997) .
To date, one of the most straightforward ways of assessing redox state variations in living cells requires fluorescent reporter molecules. 2Ј,7Ј-dichlorodihydrofluorescein diacetate (DCFH-DA) is one of the most commonly used intracellular fluorescent probes, although several others have been developed in recent years [dihydrorhodamine 123, 5(and 6 )-carboxy -2Ј,7Ј-dichlorodihydrofluorescein diacetate, dihydroethidine]. DCFH-DA diffuses rapidly through cell membranes and becomes deacetylated by intracellular esterases. The nonfluorescent DCFH is then trapped in the cell and may serve as a sensitive cytosolic marker of oxidative stress upon oxidation to dichlorofluorescein (DCF). More recently, the use of DCFH-DA has been questioned on many aspects: it has been 1 To whom correspondence should be addressed at Dépt. shown that aortic endothelial cells are unable to retain either DCFH or DCF (Ferrari et al., 1998) ; the cellular distribution of the probe has also been the subject of much debate and it is now believed that its intracellular localization varies with tissue or cell phenotype (Crow, 1997; Gabriel et al., 1997; Sarvazyan, 1996; Swift and Sarvazyan, 2000) . Furthermore, the assumption that DCFH detects specific oxidizing species, such as H 2 O 2 , is being increasingly challenged. It has been proposed that DCFH, like the other ROS-specific probes, detects a broad range of oxidizing reactions occurring during intracellular oxidant stress (Hempel et al., 1999) .
Studies on apoptosis-related variations in m have also been conducted using a wide range of fluorescent probes. Numerous investigators have addressed the question of which mitochondrion-specific fluorochromes has the best sensitivity and accuracy to evaluate the state of m . Although no consensus exists on which probe is best, some investigators show strong preference for JC-1 (Salvioli et al., 1997) or DiOC6 (Rottenberg and Wu, 1999) , while the use of rhodamine-123 (Rh-123) is being seriously questioned. Some studies have clearly demonstrated the inconsistent and unreliable behaviour of Rh-123 using flow cytometry (Salvioli et al., 1997), and Métivier et al. (1998) have hypothesized that excess Rh-123 may cause selfquenching of the probe and that the reported increase in Rh-123 would be related instead, at least in part, to unquenching following depolarization of the mitochondrial membrane. This property of the probe has even been used to detect m variation in mitochondria isolated from rat or mouse liver by fluorometry (Zamzami et al., 2001) .
The aim of the present study was to investigate the relationship between cellular redox state, namely equilibrium between the pro-oxidant and antioxidant systems, and m in Caco-2 human enterocytic-like cells. We have previously demonstrated that Cd transport through Caco-2 cell monolayers occurs mainly via the trans-cellular pathways, with saturation of intracellular binding capacity as the rate-limiting step in the overall process of trans-epithelial transport (Jumarie et al., 1999) . Because oral absorption represents a major route of exposure to Cd for humans, a better understanding of effects of Cd on intestinal cells is of primary interest. Not only does the intestinal epithelium represent the first barrier to be crossed by the ingested metal, but it also represents the first target organ under oral exposure conditions. For example, we have provided evidence for Cd 2ϩ transport through the cotransporter Fe 2ϩ -H ϩ NRAMP2 (Elisma and Jumarie, 2001 ) supplying an explanation for the reported Cd-induced anemia in some people (Noda et al., 1991) . These studies show how Cd may affect absorptive functions of the intestinal epithelium. We have pursued our investigation on the impact of Cd-interactions with enterocytes, focusing on redox state and m potential. We show that the unquenching property of Rh-123 can be used to easily detect disruption of m in living cells, in parallel with the monitoring of cell redox state using DCFH-DA. This inexpensive and straightforward technique allows the study of the relationship between ROS formation and m variation and provides new insights into the cellular mechanisms responsible for the cytotoxic effects of a wide range of xenobiotics including toxic metals.
MATERIALS AND METHODS
Cell culture. The TC7 clone, isolated from late passage of the Caco-2 cell line (Chantret et al., 1994) , was kindly supplied by Dr. A. Zweinbaum (INSERM U178, Villejuif, France) . Stock cultures were grown in 75-cm 2 plastic flasks in Dubelcco's modified Eagle essential (minimum) medium (DMEM) containing 25 mM glucose and supplemented with 15% inactivated FBS, 0.1 mM nonessential amino acids, and 50 units/ml penicillin ϩ 50 g/ml streptomycin. Cultures were maintained at 37°C in a humidified 5% CO 2 -air atmosphere and were passaged by trypsinization (0.05% trypsin/0.53 mM EDTA) every fortnight. For all experiments, cells were seeded at a density of 12 ϫ 10 3 cells/cm 2 , either in standard tissue culture dishes (35 ϫ 10 mm) for flow cytometry measurements, or on 19-mm-diameter glass coverslips. prewashed with nitric acid, and allowed to grow for 5 days. Cells were used between passages 55 and 65.
Flow cytometry. For DCF fluorescence determination ( ex : 495, em : 515), cells were incubated in nitrate medium: 137 mM NaNO 3 , 5.9 mM KNO 3 , 2.5 mM CaNO 3 , 1.2 mM MgSO 4 , 4 mM D-glucose and 10 mM HEPES, buffered to pH 7.4 with NaOH. This medium was chosen because of the much lower complexity of Cd by NO 3 Ϫ as compared with Cl -, allowing the relative percentage of total Cd recovered as the free metal ion Cd 2ϩ to increase from 14 to 80% ). The Cd 2ϩ species is expected to be responsible for the cytotoxic effect of Cd, and we have shown that Cd 2ϩ is taken up 2.6 times faster compared with chlorocomplexes CdCl n 2-n . In some experiments, 50 mM mannitol, used as a ROS scavenger (especially for hydroxyl radical OH
• ) was added to the nitrate medium. Cells were washed 3 times with nitrate Cd-free medium for 30 min prior to incubation with 2 M DCFH-DA at 37°C (5% CO 2 -air:atmosphere) in a dark environment, and Cd (final concentration 50 M) was added to the exposure medium either at the beginning of the experiment (1-h exposure time) or after a 30-min preincubation period with the probe alone (30-min exposure time). Note that none of these treatments significantly affected cell viability as revealed by lactate dehydrogenase leakage measurements or the iodide propidium exclusion assay. Cells were then washed three times with the Cd-free nitrate buffer, trypsinized, centrifuged, and resuspended in the NO 3 Ϫ buffer. DCF fluorescence was measured on the FL1 channel of a flow cytometer (FACS Scan, Beckton-Dickinson, San Jose, CA). Analysis was done using the WinMDI (Windows Multiple Document Interface for Flow Cytometry) shareware (V. 2.8, Joseph Trotter, http://facs.scripps.edu).
For m monitoring, cells were first exposed to Cd prior to incubation with 100 nM CMXRos ( ex ϭ 488, em ϭ 575) for 15 min. Cells were then washed, harvested, and processed as described above, and fluorescence was measured on the FL2 channel of the FACS Scan.
Fluorescence microscopy. Variation in probe fluorescence was monitored using a TE-300 inverted microscope (Nikon Canada, Inc., Mississauga, ON) equipped for epifluorescence video imaging with a 12-bit digital cooled camera (CoolSnap-Fx, Roper Scientific, Trenton, NJ). Images were acquired at room temperature using a 60 X oil immersion objective (N.A. 1.4, Nikon), a 515-longpass emission cube, and a 460-nm excitation filter (Canberra Packard Canada, Concord, ON). Cells were washed as described above for flow cytometry measurements and were then incubated either with 5 M DCFH-DA for 30 min or with 10 M Rh-123 ( ex ϭ 460, em ϭ 520) for 30 min. Cells were then washed three times with probe-free nitrate buffer. To avoid the reported photo-reduction of DCFH leading to superoxide formation and excessive oxidation of DCFH to DCF ( ex ϭ 495, em ϭ 520) (Marchesi et al., 1999) , we used minimal light exposure, keeping the exposure time and time lapse to 50 ms and 30 s, respectively, compared with 100 ms every 10 s for Rh-123.
Statistical analyses were performed with the Turkey-Kramer multiple comparisons test using InStat software (GraphPad Software). Statistical significance was assessed at the p Ͻ 0.05 level.
Chemicals. All culture ware (Falcon) was obtained from VWR Scientific (Toronto, ON) whereas Dulbecco's Modified Eagle essential minimum medium (DMEM), penicillin, streptomycin, and trypsin were purchased from Gibco Laboratories (Grand Island, NY). Fetal bovine serum (FBS) was obtained from Immunocorp (Montréal, QC) and was inactivated at 52°C for 30 min. 2Ј,7Ј-Dichlorodihydrofluorescein diacetate, chloromethyl-X-rosamine (CMXRos), and rhodamine-123 were purchased from Molecular Probes Corp. (Eugene, OR). Anhydrous dimethyl sulfoxide (DMSO), carbonyl cyanide m-chlorophenyl-hydrazone (CCCP), and CdCl 2 were all purchased from Sigma Chemicals (St. Louis, MO).
RESULTS

Flow Cytometry Measurements
The effect of Cd on mitochondrial membrane permeability and cell redox state was first tested using flow cytometry. As shown in Figure 1A , high levels of DCFH oxidation to DCF were detected in DCFH-DA-treated cells unexposed to Cd, suggesting the presence of basal oxidative activities in control cells. This basal oxidative activity was lowered in the presence of 50 mM mannitol but increased almost 3-fold in the presence of H 2 O 2 . A 30-and 60-min incubation with 50 M Cd increased the DCF fluorescence level. Interestingly, the presence of mannitol completely prevented Cd-induced DCFH oxidation following a 30-min incubation period, whereas it did not have any significant effect after a 60-min incubation. At 60 min, coexposure to Cd and mannitol led to a significantly higher DCF fluorescence as compared with the mannitol conditions. Cadmium was also found to affect m : 10, and 20% reductions in CMXRos fluorescence were recorded following 30-and 60-min exposures to 50 M Cd, respectively (Fig. 1B) . For both exposure times, the effect of Cd was unchanged by the presence of mannitol. CCCP, a well-known m uncoupler, has been used to confirm the validity of CMXRos as a probe to assess m .
Fluorescence Microscopy Measurements
To further investigate Cd-induced ROS formation, DCFH oxidation to the fluorescent product DCF was monitored, using fluorescence microscopy. The variation in DCF fluorescence was recorded in the nuclear (filled symbols) and cytoplasmic (open symbols) areas following a 20-min exposure to 50 M Cd (Fig. 2) . Consistent with previous results obtained using flow cytometry (Fig. 1A) , the presence of mannitol slightly decreased the basal oxidative activity in control cells unexposed to Cd (upper triangles vs. circles). Cadmium increased the DCF fluorescence over the control value in both the nuclear and cytoplasmic regions (lower triangles), and this effect was completely abolished by the presence of mannitol (diamonds). Note that DCF fluorescence was similar for both regions, whatever the experimental conditions.
The use of fluorescence video microscopy to assess m with Rh-123 confers some specific advantages over flow cytometry: (i) it allows easy discrimination of the subcellular compartments (nuclear-and cytoplasmic-associated fluorescence), as well as the electrochemical compartments defined by the plasma membrane potential ( p ) and the m (extracellular, cytoplasmic, and mitochondrial fluorescence); (ii) and it also confers the ability to observe the same cells throughout the experiment. By plotting fluorescence variations in the cytoplasmic and nuclear areas as a function of time, it is possible to estimate how fast p and m collapse, whatever the initial Figure 3 depicts the relative variations in Rh-123 fluorescence under various experimental conditions. The possibility of an outward-directed diffusion of intracellular Rh-123 (a process that is dependent on p ) to the extracellular medium, after removal of the probe from the incubation medium, had to be verified. Indeed, under optimal experimental conditions, cell incubation with a concentration of a lipophilic cation such as Rh-123 would lead to a 10-fold accumulation of the probe in the cytoplasm and a 1,000-to 10,000-fold accumulation in mitochondria at equilibrium of distribution (Chen, 1989) . However, because our experimental conditions never reached distribution equilibrium, the diffusion parameter of the probe out of the cells must be estimated. In agreement with the reported low cell-membrane permeability for Rh-123, we found the Rh-123 diffusion rate to be fairly weak and constant in the Caco-2 cell model (Nicholls and Ward, 2000) . Figure 3A illustrates the typical diffusion rate observed with Rh-123 in Caco-2 cells. We averaged the rate of fluorescence diminution from 3 independent experiments and subtracted it from all the subsequent measurements for both regions. As expected, the addition of 50 M CCCP to the exposure nitrate medium led to a significant and very rapid redistribution in Rh-123. Indeed, within 10 s, a 40% transient increase in nuclear fluorescence was noted, whereas a parallel decrease of 20% was recorded for cytoplasmic fluorescence (Fig. 3B) . Thereafter, fluorescence in both regions reached the steady-state level.
The addition of Cd (50 M) to the nitrate incubation medium (at t ϭ 60 s) led to modifications in Rh-123 fluorescence with a transient 7% increase in the nucleus occurring with some delay as compared with the instantaneous response to CCCP (Fig. 3C) . Also, Cd-induced redistribution in Rh-123 was observed over a longer period of time and steady-state fluorescence levels were reached only after 10 min. Interestingly, in the presence of 50 mM mannitol, the Cd-induced modification in Rh-123 distribution was significantly delayed since no change in fluorescence could be detected in either region before 10 min. At this time, unquenching of Rh-123 became obvious as fluorescence increased slowly by 27% in the nuclear area (Fig. 3D ): this increase was much higher than that observed with Cd alone, but lower than the CCCP-induced effect. Note that in contrast to Cd alone, coincubation with mannitol led to a relatively small decrease in cytoplasmic fluorescence. Mannitol per se had no effect on Rh-123 fluorescence (data not shown).
DISCUSSION
In toxicology studies, cell viability can be assessed using a number of techniques: cell membrane integrity testing (iodide propidium or Trypan Blue exclusion, lactate dehydrogenase leaking) for necrosis and DNA fragmentation (Tunnel and Comet assays) for apoptosis. All these methods constitute end-point measurements, which do not provide information on the time course of the intoxication process. In that context, the development of techniques allowing real-time observation of the cellular response to xenobiotics, using living samples, is becoming of prime importance. In this study, we have measured the time course of Cd effect on two critical parameters for the cellular function, which may, upon disruption, lead to cell death: the cell redox state and m , the mitochondrial membrane potential. 
Cadmium Effect on Cellular Redox State and m
Numerous studies have shown that Cd, even in the nanomolar concentration range, may affect cell functions. However, studies investigating the short-term (Ͻ12 h) effect of Cd on the cell redox state are generally conducted with Cd concentrations in the micromolar range without significant loss in cell viability (Al-Nasser, 2000; Pourahmad and O'Brien, 2000; SzusterCiesielska et al., 2000; Thévenod et al., 2000) . In our study, the use of 50 M Cd was required to see significant variations in probe fluorescence. Such a requirement, and the fact that exposure to micromolar levels of Cd for "short" periods of time does not lead to significant cell necrosis, is consistent with the general high intracellular-binding capacity of the cell. However, variation in sensitivity to Cd-induced necrosis or apoptosis among cell types has also been reported (Szuster-Ciesielska et al., 2000) .
Cadmium has been shown to affect both cell redox state and m in Caco-2 cells (Cable et al., 1993) . Using flow cytometry, we were able to detect an increase in DCFH oxidation to the fluorescent product DCF as early as 30 min following exposure to 50 M Cd (Fig. 1A) . Because of the excessive photooxidation of DCFH to DCF, we had to limit the number of data acquisitions, i.e., the amount of exposure to light, in order to study the effect of Cd over a longer period of exposure. Under these conditions, DCF fluorescence proved to be a good tool for evaluating the oxidative activities of Caco-2 cells.
In parallel with the increase in DCFH oxidation, Cd was found to lower m (Fig. 1B) . To gain insights into the possible direct relationship between ROS formation and m disturbance, we used mannitol, a well-known scavenger of the OH
• radical, to test whether it could protect against one or both of the observed Cd-induced effects. Mannitol indeed prevented Cdinduced DCFH oxidation for the 30-min incubation period. Considering that DCFH detects a broad range of oxidizing reactions, this result first shows that, for the 30-min period of exposure, OH
• radicals are mainly responsible for the increase in DCFH oxidation; i.e., Cd-induced ROS would mainly be the OH
• radical. The fact that mannitol failed to completely eliminate DCFH oxidation during the 60-min period suggests that the capacity of mannitol may be insufficient or that ROS, other than the OH
• radical, started to be generated. The main point is that mannitol did not prevent m disruption for both exposure times. Whether the level of ROS has an impact on m needs further investigation, but at this point, the results do not support the hypothesis of OH
• formation as a prerequisite to m disruption.
The Use of Rh-123 Fluorescence Unquenching to Detect Dissipation of m
To gain insights into the initial modification in the redox cell state and m , we used the fluorescence-microscopy technique, which allows the observation of very rapid events. Fluorescence video imaging was used instead of confocal microscopy to optimize light sensitivity and quantification range over image resolution, which is less critical for these types of experiments. Rhodamine-123 was used because of its peculiar fluorescence property to self-quench at high probe concentrations (Nicholls and Ward, 2000) , a property we used successfully to detect early m dissipation. Indeed, as m is lowered, the Rh-123 probe is no longer compartmentalized in the mitochondria, and it diffuses to reach a new subcellular distribution according to the new electrochemical gradients. Self-quenching is then reduced, resulting in a general increase in fluorescence. While others have used this technique with cortical neurons (Sensi et al., 2002) , the novelty of our approach resides in its capacity to discriminate variations of Rh-123 fluorescence between the cytoplasmic and nuclear regions of the cells. Monitoring increases in nuclear fluorescence allows a better estimation of Rh-123 unquenching in addition to its outward diffusion. This latter phenomenon may represent the main disadvantage of this new approach. However, it can be quantified and subtracted from the total fluorescence signal. The present experiments were carried out over a relatively short period of time (20 min) because of the decrease in the signal-to-noise ratio as a function of time (background fluorescence augmentation) and of Rh-123 photo-induced cytotoxicity (Nicholls and Ward, 2000) .
Relationship between Cd-Induced m Dissipation and ROS Formation
Using Rh-123 fluorescence unquenching, we were able to further investigate the time-course of Cd-induced m disruption in relation to the cellular redox state. Our results, obtained with cells coincubated with Cd and mannitol, show that the Cd-induced dissipation of m was delayed in the presence of mannitol but became apparent after 10 min (Fig. 3D) ; at that time, mannitol did protect the cells from oxidative stress (Fig.  1A) . Also, it is noteworthy that Cd increased DCFH oxidation over the control values only after 10 min ( Fig. 2A) , whereas it induced redistribution of Rh-123 as early as 3 min (Fig. 3C) . Therefore, Cd decreases m faster than it generates ROS, and it can affect m under conditions of efficient ROS scavenging. Similar results have been obtained by others: antioxidants protected from Cd-induced lipid peroxidation were inefficient in preventing the observed increase in mitochondrial membrane permeability (Li et al. (2000) ; Strubelt et al., 1996) , and have reported that Cd may induce loss of m without any evidence of ROS formation. Now, how a ROS scavenger could protect only transiently against m disruption needs to be further studied, but our results suggest that Cd may dissipate m in the absence of a detectable level of OH • radical and in the absence of apparent oxidative stress.
Cadmium is suspected of acting on the redox state of the cell and on m through different mechanisms. Cadmium is well known to deplete cellular sulfhydryl groups, which induces GSH, HSP, and MT syntheses in various cell models (Gaubin et al., 2000; Klaassen et al., 1999; Shukla et al., 2000) . Furthermore, it has been demonstrated that de novo synthesis of these peptides and proteins does protect the cell from Cd toxicity, especially from oxidative stress (Casalino et al., 2000; Frank et al., 2000) . It is generally accepted that Cd-induced cellular thiol depletion may cause imbalance between prooxidant and antioxidant systems leading to oxidative stress. In turn, the oxidative stress affects a number of cellular functions, regulation or signal transduction mechanisms: DNA synthesis, cell-cycle regulation, activation of transcription factors, mitochondrial permeability transition (MPT), and apoptosis (Rikans and Yamano, 2000) . A different mechanism of toxicity targeting m would not be directly linked to the oxidative stress. Numerous studies have suggested that Cd may act directly on the mitochondria. Studies on the subcellular distribution of Cd in rat hepatocytes have revealed that, in mitochondria, Cd preferentially binds to the inner membrane (Muller, 1986) . It has been shown that Cd may affect mitochondrial inner-membrane permeability to H ϩ (Palmeira et al., 1994) and K ϩ (Rasheed et al., 1984) , and inhibit enzymes involved in the electron transport chain as well as the succinate dehydrogenase complex (Miccadei and Floridi, 1993) . It has also been suggested that Cd may induce apoptosis through a loss of m , cleavage of Bid and Bcl-X L , and an increase in Bcl-X S , leading to cytochrome c release and the subsequent activation of the effectors caspases (Li et al., 2000) . Note that ROS formation as a prerequisite to m dissipation cannot be excluded since Cd may affect, in some way, the mitochondria redox state. It has been suggested that mitochondrial ROS, independently of cytosolic ROS, could be responsible for the Cd-induced m collapse (Pourahmad and O'Brien, 2000) .
This work clearly shows that Rh-123 fluorescence unquenching, occurring during probe redistribution, may be used to assess the decrease in m . We found that Cd rapidly increases oxidative activity in the Caco-2 cells and that the OH • radical accounts for most of the ROS generated, at least for the first 30 min. Cadmium also decreases m even faster than it modifies the cell redox state and in the absence of detectable ROS. We conclude that Cd-induced m dissipation does not necessarily require oxidative injury. The possibility that m dissipation occurs as a result of mitochondrial redox state perturbation cannot be excluded, but cytosolic oxidation would not be the first step.
